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Abstract 
The Indoor Zero-Equation Turbulence Model in software Airpak was adopted to simulate the personal thermal comfort in the 
condition of displacement ventilation at the left side. The parameters of the simulated environment were 25ć and 40%. The 
simulated results show that over the person, there was a clear phenomenon of thermal plume which entrains the around air 
resulting in the decrease of the temperature with the increasing of the height. As for the predicted mean vote (PMV) and the 
percent person’s dissatisfied (PPD), their gradient were depended on the temperature distribution formed by thermal plume, and 
the average value was 0.249 for PMV and 7.25% for PPD. All these show that the effect of thermal plume can not be neglected in 
the design of HVAC system. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
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1. Introduction 
Displacement ventilation (DV) is often used in occupant dense rooms, like meeting rooms, classrooms and 
theatres, because their particular airflow pattern will provide fresh cold air for occupation zone so as to improve the 
air quality and save energy[1]. The air diffuser of displacement ventilation system is close to floor. The cold, low 
speed fresh air firstly flows to the subsidence, subsequently diffuses slowly and becomes a fresh air lake above the 
floor. When the air encounters the heat source, it will climb slowly by the natural convection resulting in the airflow 
of thermal plume carrying the hot air and pollutants which density smaller than fresh cool air out of the room. In this 
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system, the indoor airflow is mainly derived by thermal plumes formed by the heat source in occupation zone. 
Therefore, to design such displacement ventilated rooms, it is vital to estimate the thermal plumes from heat source 
like human. 
DV systems were paid more attentions in recent years. Daria Zukowska[2] studied the impact of thermal insulation 
and the design of clothing and chair, the blocking effect of a table and breathing on the thermal plume above a sitting 
thermal manikin in a climate chamber. Gon Kim[3] investigated the effectiveness of UFAD in a large space with a 
higher ceiling for various velocities of supply air and locations of diffusers at an identical air supply temperature and 
found the UFAD is capable of creating smaller vertical variations of air temperature and a more comfortable 
environment than conventional OHAD systems. Jie Ji[4] did a set of experiments to study the transport characteristics 
of thermal plume driven by turbulent mixing  in a 1/3 scale stairwell with single opening .the comparison of the 
experimental and calculated plume front locations shows good agreement with the maximum error less than 20%. 
Kana Horikiri[5] investigated indoor thermal environment of a 3-D ventilated room and used computational fluid 
dynamics to understand correlations between heat generation, ventilation velocity and thermal sensation indices. 
Kana Horikiri[6] considered 3-D ventilated rectangular model room with a finite –thickness wall and a heat source, in 
order to evaluate flow and heat transfer characteristics, key physical features such as temperature distributions in 
both solid wall and indoor air domains and heat transfer performance have been quantified, analyzed and compared. 
Luis P.Thomas[7] presented the transient and steady states of the flow generated by a heat source inside a closed 
room provided with a cooled –ceiling system at constant temperature. Michal Vesely[8] reviewed the impact of 
different personalized conditioning systems on thermal comfort and building energy performance. R.Tomasi[9] 
studied the effect of low ventilation rates (1 or 0.5 air change per hour) on thermal comfort and ventilation 
effectiveness in a simulated residential room equipped with radiant floor heating /cooling and mixing ventilation 
systems. Shafqat Hussain[10-11] used the produced airflows and temperature distributions to evaluate indoor thermal 
comfort indices, i.e.the well-known predicted mean vote (PMV) index, predicted percent dissatisfied (PPD) index 
and percent dissatisfied (PD) factor due to draft. W.Chakroun[12] studied the energy impact of a chilled ceiling 
displacement ventilation CC/DV system aided with a personalized evaporative cooler (PEC) directed towards the 
occupant trunk and face. and the experimental results agreed well with predicted values of temperature and the 
comfort level. Wilmer Pasut[13] examined the cooling effect of a low-wattage ceiling fan on occupants when air 
comes from different directions with different speeds and the difference in thermal comfort and thermal sensation 
generated by fixed and oscillating fans. Zhang Lin[14] compared the performances of floor–supply displacement 
ventilation (DV) systems with traditional MV systems for offices, classrooms, retail shops and industrial workshops  
under a wide range of Hong Kong thermal and flow boundary conditions, such as a very high cooling load. But there 
was little paper about the effect of the thermal plume on the DV system. 
This paper investigated the characteristics of thermal plumes and some parameters such as temperature, PMV and 
PPD which influence by thermal plume in displacement ventilation at left side of the room. 
2. Methods  
2.1. Physical model 
The physical model being researched in this article is an environmental chamber with dimension in 
4m×4m×2.8m. The layout settings in the chamber can be designed according to the typical interior office, just as the 
whole model showed in figure1. The wall temperature can be obtained by controlling outdoor environment 
dissection. The supply air inlet of 0.1m height above ground is located at lower left zone of room so as to prevent 
entraining ground dust during supplying, and the return air outlet is inlet louver panel which is placed nearby the 
ceiling. To simulate the practical ventilation characteristic more factually, the flow field diffuser was taken into 
account in the model. The air supply access into diffuser is ajusted by a section of air conduit. 
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Figure 1.  Physical model of DV 
The indoor heat source mainly includes human body, computer and auxiliary heat source. The person was 
assumed as normal activity level found in typical offices, and the metabolic rate is 1.3met[15]. The heat load of 
computer is about 200W. There is another auxiliary heat source with the heat load of 400W in room. All the specific 
parameters are shown in table 1. 
Table 1. Specific parameters of objecst in DV room  
Serial 
number Name Dimension Boundary condition 
1 Inlet(perforated panel) 1m×0.7m Effective area rate 0.246ˈ 
2 Outlet(louvered) 1.3m×0.3m Loss coefficient 0.55 
3 Human 1.74m×0.35m×0.2m 
Clothing value0.7col(0.093m2* K/W˅ 
Metabolic rate 1.4met˄81.48W/m2˅ 
4 Auxiliary heat source 0.47m×0.3m×0.4m Heat load 400W 
5 Computer  Heat load 200W 
6 Fluorescent lamp 1.25m×0.2m×0.1m Heat load 40W 
7 Wall  Thickness  0.004mˈ Thermal conductivity 36W/(m*K)  
2.2. Numerical method 
 To simplify the problem, some assumptions should be given before computation:  
(1) Indoor air is assumed as incompressible Newtonian fluid; 
(2) All the room surfaces are assumed to be grey and have an emissivity of 0.9; 
(3) Boussinesq approximation was adopted in computation model. Which means the density item in equations is 
constant except buoyancy item, and the Boussinesq density is 1.2 kg/m3. 
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Air flow in room is generally turbulent. The model for turbulent air flow is based on the equations for continuity, 
momentum, enthalpy and concentration together for Indoor Zero-Equation turbulence Model[16]. The model was 
developed for non-isothermal flow field with Rayleigh number between 2.6~3.0h1010, which onsiders that the 
coefficient of eddy viscosity is direct ratio to fluid density and velocity calculated by he following equation: 
lUQP 03874.0t                                                                                        (1)      
Where U  is the density of fluid (kg/m3 ), Q  is the local velocity (m/s) and l  is the minimum distance to the 
wall which is 0.03874 in general[1] Ǆ 
The Indoor Zero-Equation turbulence model is ideally suited for predicting indoor air flows that consider natural 
convection, forced convection, mixed convection, and displacement ventilation, and it could saving CPU time 
compare to Hük  turbulence model[17]. 
As for the thermal gravity in the turbulence model, it is depended on the Number of Gr and Re, as shown in the 
following equation: 
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gh
v
U
U
' 
                                                                         (2)     
The total mesh grid number is 608246, pressure item used body force weight for discretization and others used 
second-order upwind scheme. The radiative heat transfer was included in modeling. The meshes of some significant 
parts in the model were refined to attain accuracy results. 
3. Results and discussion 
The operating condition in this model is a typical condition in summer office, in which the supply air temperature 
is 20ć, the wall temperature is 25ć, the relative humidity 40% and supply volume 332 . 
3.1. Thermal plume and vertical temperature gradient 
Fig.2 and Fig.3 show the distribution of velocity vector and temperature on the same cut plane of the room. From 
Fig.2 there is an obviously upwards convective flow called thermal plume around the person. The thermal plume 
entrains air around it and took them to the upper zone, then diffuses along the ceiling. Inside the plume, the air 
temperature decreases with the increasing of the height At the left side of the person, the temperature is about 0.5ć 
lower than the opposite side, which is caused by the left side supplying. For the same reason, the thermal plume 
seems unsymmetrical in the upper zone, and results in the uneven thermal stratification height. 
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Figure 2.  Distribution of velocity vector in room 
(Human section) 
 
Figure 3.  Distribution of temperature in room 
(Human section) 
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Figure 4.  Vertical temperature geadient at different distance from inlet 
Fig.4 shows the vertical temperature gradient at different distance from diffuser. From the figure it can be found 
that there is a large temperature gradient existed in the place 0.1m above the floor. And with the increasing of the 
distance, the air diffuses along the floor and the gradient is reduced except the distance of 0.5m. The reason is that 
because of the special set of diffuser (Fig.1), the supply air from diffuser will upwind blow firstly, then subsides on 
the floor. And this distance may take about 0.5m. The vertical temperature gradient at floor and ceiling are large, 
this reason may be that when the supply air subsides, it’s heated by the floor which warmer than the supply air. This 
phenomenon is also found in Xiaoxiong Yuan’s experiment[18]. But the temperature gradient less than 3ć/m is 
satisfied with the thermal comfort according to IS07730[19]. 
3.2. PMV and PPD 
The most common and probably best-understood quantitative method is predicted mean vote (PMV) for thermal 
comfort and the associated percent person’s dissatisfied (PPD) .The temperature distribution, the PMV and PPD are 
widely used as criteria to evaluate thermal comfort. The ISO 7730 standard (ISO7730 1994) was used to calculate 
PMV and PPD in moderate thermal environments, which was based on Fanger’s[20] research results. PMV is an 
index indicating the mean vote concerning the thermal sensation of a large group of people expressed on a seven-
point thermal sensation scale. The value is from -3 to 3, the small number means a cold feeling and zero is moderate. 
PPD is an index indicating the percent of the number of thermally dissatisfied people among a large group of people. 
The PPD should below 10% and -0.5<PMV<0.5 to satisfy thermal environment stated in ISO 7730 standard 
stipulation. 
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Figure 5.  Diagram of PMV contour
 
 Figure 6.  Diagram of PPD contour 
Distributions of PMV and PPD on the same cut plan were given in Fig.5 and Fig.6. Because of thermal radiation, 
the PPD and PMV gradient were large on the heat source surface. For the heat sources mainly in the occupied zone, 
PMV was concentrated in the occupant zone. This means,  PMV is influenced by temperature. From Fig.5, PMV 
value on the left side of person seems smaller than on right because of special supply air pattern. As for the PPD, its 
distribution was similar with temperature distribution, the gradient mainly concentrated in the thermal stratification. 
Thus the PPD may mainly is influenced by temperature too. In this case, the PPD and PMV in occupant zone was 
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separately between 0.5 to 10 and -0.5 to 0.5, the average value of PMV was 0.249 and 7.25% for PPD which 
measure up to ISO7730 (ISO7730 1994). 
4. Conclusions 
Numerical results of flow field of displacement ventilation at left side of the room were discussed. The thermal 
comfort was indicated in term of PMV and PPD. According to the above discussions, over the person, there was a 
clear phenomenon of thermal plume which entrains the around air resulting in the reducing of the temperature with 
the increasing of the height. In this case, the PPD and PMV in occupant zone was separately between 0.5 to 10 and -
0.5 to 0.5, the average value of PMV was 0.249 which measure up to the regulation of thermal comfort mentioned in 
ISO7730. The study also show that, PMV distributions was mainly concentrated in occupant zone and PPD 
distribution was just concentrated in the thermal stratification. But both of them were depended on the temperature 
distribution which formed by thermal plume. Thus, the thermal plume can’t be neglected in the design of HVAC 
system like displacement ventilation. 
There was a clear phenomenon of thermal plume which entrains the around air resulting in the reducing of the 
temperature with the increasing of the height. In this case, the PPD and PMV in occupant zone was separately 
between 0.5 to 1.0 and -0.5 to 0.5, the average value of PMV was 0.249 which measure up to the regulation of 
thermal comfort mentioned in ISO7730. The study also show that, PMV distributions was mainly concentrated in 
occupant zone and PPD distribution was just concentrated in the thermal stratification. 
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